Equations have been developed for assimilation of methane, methanol, methylamine, dimethylamine, trimethylamine, formaldehyde and formate into cell material by bacteria using the ribulose monophosphate pathway, the ribulose bisphosphate pathway and the serine pathway of carbon assimilation. The equations have been used for predicting the effect on cell yields (Y,, Yo2 and Yc0J of various P/O ratios, systems for substrate oxidation and assimilation pathways. The generalizations relating P/O ratios and cell yields, which have been used previously for such calculations, are not always applicable to methylotrophs. In particular, for the majority of methylotrophs the growth yield is determined by NAD(P)H supply as well as ATP supply, and for some methylotrophs growth yields may be exclusively NAD(P)H-limited. Because of this NAD(P)H limitation, the concept of YATP in methylotrophs should be used with extreme caution.
I N T R O D U C T I O N
The subject of this paper is the nature of those factors influencing growth yields of methylotrophic bacteria growing on methane, methanol, formaldehyde, formate and N-methyl compounds such as methylamine. It is generally true that molar growth yields (Y, , Yo2 and Y, , , ) reflect the efficiency with which aerobic bacteria conserve energy via substrate-level and oxidative phosphorylation and subsequently use this energy for growth (see Farmer & Jones, 1976; Stouthamer, 1977) . This generalization has been the basis of a number of calculations of predicted cell yields of methylotrophs (Harrison, Topiwala & Hamer, 1972; van Dijken & Harder, 1975; Harder & van Dijken, 1976; Barnes et al., 1976) , and these predictions have in turn been used to determine values for P/O ratios based on measured cell yields (e.g. Goldberg et al., 1976) .
In the present paper the important theoretical studies of van Dijken & Harder (1975) have been modified and extended in response to the many recent developments in our knowledge of the biochemistry of methylotrophs which include elucidation of a variety of carbon assimilation pathways (Strarm, Ferenci & Quayle, 1974; Colby & Zatman, 1975; Cox & Quayle, 1975; Anthony, 1975a) , the understanding of the two different methane hydroxylase systems (Tonge, Harrison & Higgins, I977b; Colby, Dalton & Whittenbury, 1975; Colby & Dalton, 1976; Colby, Stirling & Dalton, 1977 ) and the relatively low P/O ratios associated with NADH oxidation indicated in some methylotrophs (Tonge, Drozd & Higgins, 1977a; O'Keeffe & Anthony, 1978; Anthony & O'Keeffe, 1977) .
Perhaps the most important conclusions to be drawn from the calculations presented below is that the growth yields of some methylotrophs do not solely depend on the ATP yield from substrate oxidation; in particular, accurate prediction of P/O ratios from cell yields measured on methane, methanol or N-methyl compounds is not always possible because these values are not directly related. This exception to the general rule derives in part from the fact that some methylotrophs are similar to autotrophs in that growth yield 93 Prediction of growth yields in methylotrophs considered here is the most extreme possibility where no reducing power is produced during oxidation of acetate to glyoxylate. icl + variant : 8HCHO + 8NADH + I 2ATP + 4C0, icl-variant : 8HCHO + I 2NADH + I zATP + 4C02 + 40, -+ 4PGA + 8H,O
Comparison of the RMP equations with the SP equations shows that provision of NADH is relatively more important during growth by the serine pathway; it is clear that this is partly related to the involvement of CO, in the serine pathway.
Assimilation of formaldehyde and CO, into cell material. The equations for assimilation of HCHO and CO, into PGA can be combined with the equation for assimilation of PGA into cell material to give assimilation equations for formaldehyde and CO, into cell material. Ri bulose bisphosphate pathway: 
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Metabolism of C1 substrates for provision of CO,, NADH and ATP
To express the above equations solely in terms of substrate carbon, cell material, oxygen and COB, the various routes for initial metabolism of growth substrates must be considered. The general pathway for oxidation of C1 compounds is:
The symbol AH, indicates either XH, or NA,DH+H+; XH, is reduced methanol dehydrogenase; MH, is reduced methylamine dehydrogenase ; YH, is the product of formaldehyde oxidation and is sometimes NADH (for convenience it is referred to as YH, even w'len this is known to be NADH). In all methylotrophs studied, the oxidation of formate to CO, yields NADH. Little is known about the P/O ratios occurring during oxidation of XH,, MH,, YH, or NADH; recent reports suggest that a P/O ratio of I is likely for these oxidations iLi methane-grown Methylosinus trichosporium (Tonge et al., I977ff) whereas P/O ratios of at least 2 may be possible in the facultative methylotroph Pseudomonas AMI (O'Keeffe & Anthony, 1977 , 1978 Anthony & O'Keeffe, 1977) .
Methane oxidation. The first step in this hydroxylation process is probably always catalysed by a mixed function oxygenase requiring a reductant (AH,) and molecular oxygen. Two such systems have now been described: one system (system N) requires NAD(P)H and the other (system M) requires methanol dehydrogenase (XH,) and cytochrome c (Tonge et al., 1g77b) . When the N system operates, the provision of NADH for biosynthesis is only possible when formaldehyde oxidation yields 2 molecules of NADH; this may be produced either directly by dehydrogenases or indirectly by the cyclic route not involving formate dehydrogenase (see below).
Methanol oxidation. This is mediated by a methanol dehydrogenase (MDH) whose function is independent of NAD+ and which is possibly a pteridoprotein (Anthony & Zatman, 1967) . The dehydrogenase interacts (maybe indirectly) at the level of cytochrome c with the electron transport system (Anthony, 1g75b; Widdowson & Anthony, 1975) ; it is unlikely to yield more than 2 moles of ATP per mole of methanol oxidized. As mentioned above, the MDH (coupled with cytochrome c) acts as the reducing agent in some inethane hydroxylation systems (M systems). In bacteria with these systems, during growth on methane the rMDH is only reoxidized (indirectly) by oxygen in the methane mono-oxygenase reaction and not by an oxidase; in such bacteria the MDH may not be coupled to oxygen through a typical cytochrome system terminating in a cytochrome oxidase; in this case growth might not occur on methanol unless the cytochrome is autoxidizable.
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C . A N T H O N Y
Oxidation of N-methyi compounds. Almost all those methylotrophs unable to grow on methane are capable of growth on methylamine, and often also on dimethylamine and trimethylamine; some also grow on trimethylamine N-oxide and tetramethylammonium salts (see Anthony, 1975~) . There is a variety of oxidation routes for these substrates and so a complete analysis of all possibilities will not be presented here. Each methyl group of an N-methyl compound is oxidized to I molecule of formaldehyde. Some of these oxidations are catalysed by dehydrogenases (not NAD(P)+-linked) and produce reducing equivalents which may be coupled to ATP generation, while others are catalysed by mono-oxygenases requiring NAD(P)H and molecular oxygen (see Large, 1971 ). There are two systems which may be involved in methylamine oxidation to formaldehyde but neither yields NAD(P)H.
Formaldehyde oxidation. A number of different enzymes may be involved in formaldehyde oxidation (see Anthony, I 975 a), including NADf-linked dehydrogenases, flavoprotein dehydrogenases (probably) and methanol dehydrogenase. Some, perhaps all, RMP-bacteria oxidize formaldehyde to CO, by a cyclic system producing 2 molecules of NAD(P)H. This is energetically equivalent to oxidation by NAD+-linked dehydrogenase to formate followed by further oxidation to CO, (Strom et al., 1974; Colby & Zatman, 1975) . This route enables bacteria to oxidize C1 compounds completely to CO, in the absence of a formate dehydrogenase. Another cyclic route that may achieve this has been proposed for Pseudomunus MA growing by way of the serine pathway (Newaz & Hersh, 1975) . The products of formaldehyde oxidation to CO, in this case are I molecule of NADH plus the reduced flavoprotein of succinate dehydrogenase.
Formate oxidation. All methylotrophic bacteria able to oxidize formate do so in a reaction catalysed by a soluble NAD+-linked dehydrogenase. Reduction to formaldehyde is assumed to involve methenyltetrahydrofolate formation, which requires ATP.
Equations for estimation of cell yields, Ys, Yo2 and Yc,, values These equations are derived from those given above for assimilation of formaldehyde and C 0 2 , and for production of formaldehyde, CO, and NADH from growth substrate. For simplicity, NAD+, ADP, phosphate, ammonia, water and protons are omitted from the equations. For assimilation of methane, methanol, formaldehyde and N-methyl compounds, the equations will be different if formaldehyde oxidation to CO, yields 2 molecules of NADH because relatively less substrate has to be oxidized to provide NADH. Unless otherwise stated, the formulations below assume that only formate oxidation gives rise to NADH; where relevant, YH2 may be equated with NADH.
For prediction of cell yields, the ATP in these equations is replaced by the amount of substrate whose oxidation is sufficient to satisfy the ATP requirement remaining after subtraction of the ATP generated by oxidation of any reducing equivalents in the right-hand side of the equation. By including the oxygen requirement for these oxidations, and the CO, produced, Ys, Yoz and Y,,, may be calculated. An alternative expression of the Yco, is given by the percentage of substrate carbon being oxidized completely to CO,; this is the value given in the tables of predictions and is calculated by dividing the Y, values by the Yco,, values. Assimilation of dimethylamine and trimethylamine. When all oxidation steps are catalysed by dehydrogenases (not NAD+-linked), equations for assimilation are essentially similar to those for methylamine. Equations for dimethylamine (with one hydroxylation step) and trimethylamine (with two hydroxylation steps) are given below for bacteria with the ribulose monophosphate pathway (FBP variant) and with the serine pathway (icl+ variant). The relationship between NAD(P)H production, oxygen consumption, ATP synthesis and production of cell material illustrating the conditions for NAD(P)H limitation of growth yield. The growth substrate (carbon source) is metabolized to produce: (a) NAD(P)H; (b) cell material; (c) ATP. The first condition for NAD(P)H limitation is that there should be a high NAD(P)H requirement for assimilation of growth substrate into cell material; a measure of this requirement is given by u/b. The second condition is that oxidation of substrate to supply carbon precursors (6) and NAD(P)H (a) for biosynthesis should also produce further additional reducing equivalents [other than NAD(P)H], whose oxidation by molecular oxygen may also be coupled to ATP generation. An indication of the overall extent of NAD(P)H limitation is given by (a+b)/c. In bacteria which are exclusively NAD(P)H-limited, oxidation of growth substrate exclusively for ATP production (c) is unnecessary. Tables J to 4 show predictions of the effect on cell yields ( Ys, Yo2 and Yclo2) of the three main assimilation pathways, of the nature of the oxidation pathways, and of the P/O ratios for the oxidation of substrate to CO,. The conclusions are, of course, reflexions of the overall equations for substrate oxidation and assimilation developed in Methods. Predicted yields for variants of the main pathways are discussed below although for convenience they are not included in the Tables. The predicted molar growth yields for methylamine are identical with those for methanol. Equations are developed in Methods for assimilation of dimethylamine and trimethylamine by the alternative routes involving mono-oxygenases; because of the considerable variety of these routes, full tables of predictions have not been included but general points relating to the effect of P/O ratios on cell yields with these substrates are discussed in a separate section below.
Dimethy Iamine
R E S U L T S A N D D I S C U S S I O N
The concept of N A D(P) H limitation of growth yields in methylotrophs
This section introduces the concept that the growth yields of some methylotrophs are determined partly or exclusively by the supply of NAD(P)H and not predominantly by the ATP supply as is the case in most heterotrophs.
The growth yield of bacteria growing on a single source of carbon plus energy is mainly determined by the efficiency of assimilation of the carbon precursors for biosynthesis and by the supply of the necessary ATP and NAD(P)H required for this assimilation. The conversion of most growth substrates to precursors for biosynthesis (e.g. PGA) requires very little, if any, NAD(P)H. Very high proportions of most growth substrates are converted to cell carbon or oxidized to C 0 2 for ATP production, and a very low proportion of growth substrate is oxidized to C 0 2 primarily to provide NAD(P)H for biosynthesis (thus in Fig. I , h and c are large and a is small). The molar growth yields of most typical heterotrophs are thus predominantly determined by the ATP supply which, in turn, is governed by the P/O ratio. When, by contrast, there is a high NAD(P)H requirement for assimilation of growth substrate into cell material, then growth will be either exclusively NAD(P)Hlimited or it will be determined by both NAD(P)H and ATP supply; this high NAD(P)H requirement occurs in autotrophs and most methylotrophs but in very few heterotrophs. The P/O ratios are the numbers of ATP molecules produced per atom of oxygen during oxidation of methanol to formaldehyde (X), formaldehyde to formate ( Y ) and formate to CO, (Z), this last step being catalysed by NAD+-linked dehydrogenase. In bacteria with the NAD(P)H-linked methane hydroxylation system (N system), formaldehyde oxidation must be NADf-linked (YH, = NADH). In bacteria with the methanol dehydrogenase/cytochrome c-linked system (M system), formaldehyde may be oxidized by any sort of dehydrogenase; the presence of methanol 'oxidase' coupled to ATP generation is only essential if formaldehyde is oxidized by methanol dehydrogenase. When NADH 'oxidase' is absent, the yield of SP-bacteria may be markedly influenced by the P/O ratio for succinate oxidation to fumarate; the range of values is therefore given below. For SP-bacteria with an M system for methane hydroxylation a slightly higher yield is sometimes predicted when 2 moles of NADH are produced per mole of formaldehyde oxidized; this value IS marked by an asterisk (*). Y,, Yo, and Y,,, are molar growth yields with respect to carbon substrate, oxygen and CO,; Y,, is the yield (g dry weight bacteria) per g substrate. % CO, is the percentage of carbon substrate oxidized completely to CO, (= IOO Ys/ Yco2). If the oxidation of growth substrate produces reducing equivalents predominantly in the form of NAD(P)H then the high requirement for reducing power may be expressed as a carbon or ATP requirement in equations for the prediction of cell yield, and the usual relationships between P/O ratio, Yo, and Y,,, values will be valid. This is also true if reversed electron transport occurs; in this case the capacity to generate NAD(P)H is directly related to the protonmotive force set up across the cell membrane by ATP hydrolysis or by electron transport from electron donors to oxygen (see Jones, 1977; Aleem, 1977) . A measure of the NAD(P)H requirement for biosynthesis is given by the ratio of substrate oxidized exclusively for NAD(P)H production to the amount of substrate assimilated into cell carbon (a/b in Fig. I) ; for methylotrophs this may be estimated from the equations in Methods. When NAD(P)H is required for the initial hydroxylation, the ratio is always high for growth on methane (RMP, 1-13; SP, 1-79), but otherwise the ratio is always low (0. I 3) for bacteria using the ribulose monophosphate pathway. The P/O ratios are the numbers of ATP molecules produced per atom of oxygen during oxidation of methanol or methylamine to formaldehyde (X), formaldehyde to formate (Y) and formate to CO, (Z), this last step being catalysed by NAD+-linked dehydrogenase. The predicted yield values are for methanol; they will also apply for growth on methylamine except that the Y,, values for methylamine will be 3 % less than for methanol. The yields quoted are for bacteria in which only I mole of NADH is produced per mole of formaldehyde oxidized to CO,; when the yields are higher as a result of 2 moles of NADH being produced (YH, = NADH), the predicted yield is indicated by an asterisk (*). Ys, Yo, and Ycoa are molar growth yields with respect to carbon substrate, oxygen and CO,; Y,, is the yield (g dry weight bacteria) per g substrate. % CO, is the percentage of carbon substrate oxidized completely to CO, (= IOO Y,/ Yco2).
Prediction of growth yields in methylotrophs
P/O ratio RMP-bacteria (FBP variant) SP-bacteria (iclf variant)
r p A p , The ratio for bacteria using the serine pathway or the ribulose bisphosphate pathway depends on the yield of NAD(P)H produced during oxidation of formaldehyde to C 0 2 . When this yield is 2 , the ratio is fairly low (RBP, 0.13; SP, 0.19) but when the yield is only I then the ratio is high (RBP, 1 -1 3 ; SP, 0.79). Ratios are always high on formate (RMP, 1.13; SP, 1-79) and in 90 % of methylotrophs for growth on dimethylamine and trimethylamine (0.63 to 4-38). In contrast with these usually high values for methylotrophs, the ratios Prediction of growth yields in rnethylotrophs 99 Jn most methylotrophs a second condition for NAD(P)H limitation applies and this may result in such an extensive NAD(P)H limitation that the ATP supply becomes relatively unimportant in determining growth yields. This second condition is that oxidation of growth substrate to supply carbon precursors and NAD(P)H for biosynthesis should also produce further additional reducing equivalents [other than NAD(P)H], whose oxidation by molecular oxygen may also be coupled to ATP generation (summarized in Fig. I) . This ATP is not expressed in terms of extra substrate molecules in the equation for assimilation of the substrate because these molecules are already included as the source of NAD(P)H which is essential to give cell material of the appropriate level of reduction. If the ATP yield from oxidation of these reducing equivalents [other than NAD(P)H] is sufficient for growth then the growth yield will be exclusively NAD(P)H-limited (rather than ATPlimited) and the direct relationships between P/O ratio, Yo,,
and YATP values will not apply. Should further ATP be required then the P/O ratio will determine how much more substrate must be oxidized to provide this. If this further ATP requirement is relatively small then the value of the P/O ratio will have little effect on the growth yield and the bacteria will still be predominantly NAD(P)H-limited. If the ATP requirement for assimilation is very high then the supply of ATP, and hence the P/O ratio, will be relatively more important in determining growth yields. The enzymic basis for this unusual situation leading to the second condition for NAD(P)H limitation in methylotrophs is that the final oxidation step, catalysed by formate dehydrogenase, is often the only source of NAD(P)H, and the dehydrogenases for methanol and for methylamine do not give rise to NAD(P)H. In typical heterotrophs, by contrast, the only alternative source of reducing power is usually reduced flavoprotein and the amount of this is small compared with the amount of NAD(P)H produced during oxidation of most substrates.
The infZilence of NA D(P)H supply on predicted cell yields The only methylotrophs in which neither of the conditions for NA D(P)H limitation occur are RMP-bacteria growing on formaldehyde (Table 4) or on methane (M hydroxylation system) ( Table I) . If the oxygen used in the initial hydroxylation of methane is omitted from the equations for calculation of Y,,, values, then these bacteria are similar to typical heterotrophs in that the Y,, value varies directly with the P/O ratio. As can be seen from the predictions in Table 4 this relationship is also true for bacteria growing on formate. These bacteria have a high requirement for NAD(P)H and in one sense the supply of NAD(P)H will limit growth; however, as mentioned above, this limitation can be expressed as an ATP limitation because oxidation of formate yields only NADH and this may be used either for biosynthesis or for ATP generation.
In all other methylotrophs, both conditions for NAD(P)H limitation of growth yields are satisfied and the predictions in Tables I to 4 confirm this. At lower P/O ratios the growth yields ( Ys and Yo, values,) are related to some extent to the P/O ratios but at higher P/O ratios growth is sometimes exclusively NAD(P)H-limited, and very small (or zero) increases in yield are predicted for large increases in P/O ratios. The most marked limitation by NAD(P)H supply is predicted in serine pathway bacteria such as Pseudoinonas A M I in which neither methanol, methylamine nor formaldehyde oxidation is coupled to generation of NADH. In these bacteria, measured Ysg values of more than about 0.4 g per g methanol or methylamine clearly cannot be used for prediction of P/O ratios, or vice versa; even with lower growth yields than this the prediction of P/O ratios from measured growth yields cannot be accurate. For example, in a recent valuable investigation, Goldberg et al. (1976) showed that yield values ( Ysg) for growth of serine pathway bacteria on methanol, methylamine and formaldehyde were in the range where NAD(P)H limitation is considerable Prediction of growth yields in methylotrophs I 0 1 (e.g. 0.3 to 0.41) and hence their estimates of P/O ratios based on these yield values require confirmation by alternative methods.
The pronounced N AD(P)H liinitation of growth yield in methylotrophs as discussed here was not so apparent in the predictions of van Dijken & Harder (1975) because, in their formulations for growth on methanol by the serine pathway, they 'equated' reduced flavoprotein (FPH,) with NADH by increasing the ATP requirement for assimilation of methanol into phosphoglycerate, thus in effect assuming reversed electron transport to achieve production of NAD(P)H. Reversed electron transport has not been demonstrated in methylotrophs but if it does occur then a potential high ATP yield could be 'converted' to NAD(P)H and hence to higher cell yields than those predicted here for NAD(P)H-limited bacteria.
This effect of reversed electron transport on yields of methane-utilizing bacteria has been calculated by van Dijken & Harder (1975) and they have pointed out that if methane is oxidized by an NAD(P)H-dependent hydroxylase then high growth yields of RMP-bacteria ( Y , > 1 2 ; Ksg > 0.75) can only occur if reversed electron transport operates. This view is supported by the predictions in the present paper ( Table I ). The high yields that have been reported for RMP-bacteria growing on methane ( Ysg > 0.75) could arise because reversed electron transport is operating or because such bacteria (giving high yields) have the cytochrome c/MDH-linked hydroxylase system (M system). It is worth noting that in these bacteria molar growth yields on methane should be similar in value to those on methanol (Tables I and 2 ) for a given P/O ratio. High molar growth yields, which are similar on methane or methanol, have been quoted as circumstantial evidence for an alternative mechanism for methane oxidation which involves free radicals (Hutchinson, Whittenbury & Dalton, 1976) . This mechanism does not require (nor produce) reducing equivalents during oxidation of methane to methanol and hence reversed electron transport will not be necessary and molar growth yields ( Y , and Y,,, but not Yo,) will be identical to the values predicted for growth on methanol ( Table 2) .
The injuence of assimilation pathways on predicted cell yields As predicted by van Dijken & Harder (1975) , for a given PI0 ratio lower growth yields are predicted for SP-bacteria than for RMP-bacteria; the relative yields depend on the growth substrate under consideration (methane, 15 to 20 % lower; methanol and methylamine, 6 to 40 %, usually about 30 %; formaldehyde, 7 to 30 %; formate, 6 to 13 %). When the Entner-Doudoroff variant operates in RMP-bacteria, yields will be 6 to 15 :4 lower than in bacteria with the FBP variant of this pathway (the greater percentage difference occurs at higher P/O ratios).
Operation of the ribulose bisphosphate pathway during growth on methanol gives about half the cell yield compared with that predicted for RMP-bacteria, this difference usually being less if the oxidation of formaldehyde to C 0 2 yields 2 molecules of NAD(P)H. In SP-bacteria, predicted yields will be up to 10 % lower if succinate dehydrogenase is not coupled to ATP synthesis. Furthermore, if oxidation of acetate to glyoxylate yields no reducing equivalents then predicted yields will be 7 to 20 % less than for bacteria with the icl variant of the serine pathway.
The influence on predicted cell yields of the nature of the pathways for oxidation of methane, methanol, methylamine, formaldehyde and N A DH By reference to the Tables it is possible to predict the effect of various P/O ratios on cell yields. In addition, it can be seen that the nature of the various oxidation pathways may also have a further separate influence.
A major influence on cell yields during growth on methane, methanol or methylamine is the nature of the system for oxidation of formaldehyde; this is because although N AD(P)H is often essential for reduction of formaldehyde to phosphoglycerate and for methane hydroxylation, NADH is never produced in the initial oxidation of growth substrate to formaldehyde. In the absence of reversed electron transport systems, bacteria that require NAD(P)H for methane hydroxylation must be able to obtain 2 molecules of NAD(P)H per molecule of formaldehyde oxidized to C 0 2 . For these bacteria growth yields are up to 30 % lower for a given P/O ratio than for bacteria with the alternative system (M system) for methane hydroxylation.
The nature of the formaldehyde-oxidizing system also influences yields of bacteria growing on methanol by way of the ribulose bisphosphate pathway or the serine pathway, higher yields being predicted if 2 molecules of NAD(P)H are produced per molecule of formaldehyde oxidized to CO,; this effect is only predicted at higher P/O ratios where the NAD(P)H limitation has a greater effect on yield. The nature of the system for oxidation of formaldehyde has very little effect on the yield of RMP-bacteria during growth on methanol, methylamine, formaldehyde or formate.
It can be seen from the Tables that although ATP generation coupled to the oxidation of methanol to formaldehyde may often be the main source of ATP (as in bacteria growing on methane using the NADH-requiring methane hydroxylation system) it is rarely absolutely essential for growth. Similarly, coupling of ATP generation to NADH oxidation is only absolutely essential for growth on formate. In many situations, if ATP is produced during oxidation of either methanol or NADH then coupling of both these oxidation systems to ATP formation often leads to relatively minor increases in cell yields.
Predicted growth yields on dime t h y lamine and t rime thy la mine
If the oxidation of dimethylamine and trimethylamine to methylamine is by way of dehydrogenase-catalysed reactions then predicted yields are essentially the same as for methylamine and methanol; Yo2 and Yco2 values will be identical whereas Ys values will be doubled for dimethylamine, and trebled for trimethylamine.
If oxidation (to methylamine) of dimethylamine and trimethylamine is catalysed by NAD(P)H-requiring mono-oxygenases then the NAD(P)H supply is often growth-limiting. Once again the yield of NAD(P)H from formaldehyde oxidation is an important consideration. If this yield is 2 molecules then the growth yields are determined to some extent by the P/O ratios for oxidation of methylamine to formaldehyde and for NADH oxidation. However if oxidation of formaldehyde to formate only provides I molecule of NADH, then ATP supply has little effect on cell yields.
For growth of RMP-bacteria on dimethylamine, if the total yield of ATP from oxidation of methylamine to formate is only 2 then the maximum cell yield is obtained (Y,, 22.7), and higher P/O ratios, or coupling of NADH oxidation to generation of ATP, will not increase this yield. This is also true for growth on dimethylamine by the serine pathway and for growth on trimethylamine (involving either pathway), but with the further remarkable prediction that provided I molecule of ATP is produced in the oxidation of formaldehyde to formate then coupling of oxidation of NADH or methylamine to ATP generation will not increase cell yields. The maximum Ys values achieved will be 22-7 for growth involving the ribulose monophosphate pathway and 14.2 for growth by the serine pathway,
The concept of YATP value in methylotrophs The concept of YATp (yield of cell material per mole of ATP available for biosynthesis) clearly assumes that cell yields are directly related to ATP yields from substrate oxidation (this may be expressed as Yo = YAT,xP/0 ratio) and this assumption has been the basis for prediction of cell yields of methylotrophs. However the concept of YATP loses its meaning for those methylotrophs where both conditions for NAD(P)H limitation operate, and for these bacteria estimates of YATP from measurements of growth yields and P I 0 ratios will not be valid. (In the present paper the use of Y,,, values, measured in other bacteria, for estimating the ATP requirement for biosynthesis from PGA is acceptable because it 103 Prediction of growth yields in methylotrophs assumes only that the efficiency of utilization of PGA for biosynthesis is the same in methylotrophs as in typical heterotrophs.)
Harder & van Dijken (1976) have recently modified their earlier method of predicting yields of methylotrophs growing on methane by estimating the ATP requirement for biosynthesis from calculated YATP values. They estimated a theoretical YmaxaTp for methane and then calculated a YATP value from this for a given growth rate (p), maintenance energy (me) and coupling constant ( k ) using the formula:
The coupling constant (k) was the observed YATp value for glucose corrected for maintenance, divided by the YmaxATP calculated for the assimilation of glucose and is an indication of 'energy lost due to a certain amount of uncoupling of energy generation and growth' (Harder & van Dijken, 1976) . However, the use of this coupling constant, relating to glucose assimilation in typical ATP-limited heterotrophic bacteria will not be suitable for use in NAD(P)H-limited methylotrophs where uncoupling of energy (ATP) generation from growth may be extensive. Thus although this formula may be useful for predicting cell yields in typical heterotrophs and in some methylotrophs it is clear that it should be used with care for relating maintenance energies, coupling constants and YATP values in those methylotrophs that are partly, or completely, NAD(P)H-limited.
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